Air pollution, a threat to air quality and human health, has attracted ever-increasing attention 34 in recent years. In addition to having local influence, air pollutants can also travel the globe 35 via atmospheric circulation and international trade. Black carbon (BC), emitted from 36 incomplete combustion, is a unique but representative particulate pollutant. This study 37 tracked down the BC aerosol and its direct radiative forcing to the emission sources and final 38 consumers using the global chemical transport model (MOZART-4), the rapid radiative 39 transfer model for general circulation simulations (RRTM) and a multiregional input-output 40 analysis (MRIO). BC is physically transported (i.e., atmospheric transport) from western to 41 eastern countries in the mid-latitude westerlies, but its magnitude is near an order of 42 magnitude higher if the virtual flow embodied in international trade is considered. The 43 transboundary effects on East and South Asia by other regions increased from about 3% 44 (physical transport only) to 10% when considering both physical and virtual transport. The 45 influence efficiency on East Asia is also large because of the comparatively large emission 46 intensity and emission-intensive exports (e.g., machinery and equipment). The radiative 47 forcing in Africa imposed by consumption from Europe, North America and East Asia 48 (0.01Wm -2 ) was even larger than the total forcing in North America. Understanding the supply 49 chain and incorporating both atmospheric and virtual transport may improve multilateral 50 cooperation on air pollutant mitigation both domestically and internationally. 51 52
Introduction
climate endpoints in the polluted region creates opportunities for joint mitigation 86 involving the final consumers, emitters and local regulators. 87 With a newly developed BC emissions inventory 30 and tagging technique in the 88 improved MOZART-4 which optimizes the aging timescale for each source region 17 , 89 we quantify the source-receptor relationship, in which BC aerosols emitted from 13 90 independent source regions are tagged and explicitly tracked from their source region. 91 Then, these emissions are tele-connected to the final consumers using a fully coupled 92 multiregional input-output (MRIO) model constructed from the Global Trade Analysis 93 Project (GTAP) database, which has been widely employed to study the virtual 94 transport of energy, land use, GHGs, water and so on [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] . The details of our 95 interdisciplinary approach and the underlying data are described in Methods. involving BC are nearly linear in MOZART-4, the sum of the 13 regional BC tracers is 143 approximately equal to that of the untagged BC 17 . 144 In the MOZART-4 model, the hygroscopicity of BC-containing particles is a 145 critical parameter, determining whether BC can be wet scavenged, and thus affects the 146 lifetime and transport pathway of BC. The hygroscopicity of BC is determined by two 147 parameters controlling (1) the initial fraction of hydrophilic BC in freshly emitted BC 148 (20%), and (2) an e-folding ageing timescale, which characterizes the timescale for 149 conversion of hydrophobic BC to hydrophilic BC in the atmosphere. It is essential to 150 constrain the ageing timescale to accurately simulate long-range transport and the 151 atmospheric concentrations of BC. Building on our previous study 17 , we assign an 152 ageing timescale for each source region, which is optimized by minimizing errors in 153 the vertical profiles of BC mass-mixing ratios between simulations and HIAPER Pole-154 to-Pole Observations (HIPPO). In general, the modelled surface concentration agreed 155 within a factor of 2 with the observations (as shown by Figure S2 ). 156 We then use the following indicators to quantify the source-receptor relationships 157 in atmospheric transport and to quantify the influence efficiency of BC in source region 158 i affecting BC surface concentration in receptor region j: 159 As the fractional contribution of source region i to aerosol property A (such as average 160 surface concentration) in receptor j, following previous studies 15, 20, 58 , Ci,j is defined as
is the surface BC concentration in grid box k in receptor j from source 163 region i, Sh is the area of grid box h. k is the total grid boxes covered by region j. 164 The influence efficiency (EFi,j) of source region i affecting the BC surface 165 concentration (or climate forcing) in receptor region j is defined as 15 , ,
where Ci,j is the fractional contribution to the aerosol property, and Ei is the regional 168 emission (kg) in source region I. EFi,j links the sensitivity of surface BC concentration 169 in the receptor region j to per unit emission in source region i. Thus, it is less dependent 170 on the emission rates in the source regions and the total global emission rate. emissions in this study. In this study, we first build a production-based BC emission 196 inventory (FPr) for 129 countries/regions (Table S2 ) and 57 industry sectors (Table S3 ).
197
The highly-resolved sectoral emission inventory is in line with the emission inventory 198 with high spatial resolution used in the MOZART-4 model. The mapping of spatial 199 emission inventory to sector-based emission inventory is shown in Table S4 . Thereafter, For the entire economy with m producers, we have 1  1  11  12  13  1  1   2  2  21  22  23  2  2   3  31  32  33  3  3  3 1 2 3
where is a vector of the total economic output of region r, Y qr is the final demand From this framework, the BC emissions embodied in products from region q to 233 region r is calculated as follows 67 :
where represents the total embodied BC emission flow from region q to region r; 236 q h is a vector of the corresponding direct emission intensity for region q but zero for all 237 other regions; . is the final demand vector of region r. 238 We use the following indicators to measure source-receptor relationships between 239 producers and consumers and to quantify the influence efficiency of consumers in 240 region i affecting BC emissions in region j, where the production activities occur.
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The fraction contribution of consumers in region i to BC emission in region j, Di,j, is
where F ij is the BC emission change in region j due to consumption in region i, and Assessing the influence efficiency also reveals the sensitivity of the polluted region 340 to the production/consumption in another region. Figure 3 presents the influence 341 efficiencies from consumers to emitters and ultimately to the polluted receptor regions.
342
In most cases, the polluted region is the most sensitive to emission changes within that 
353
The BC emissions in East Asia and Europe were sensitive to the final demand of more 354 than half of the regions in the world. In particular, in addition to its local consumption, 355 East Asia was the most sensitive to the final demand of Southeast Asia (0.0102 g $ -1 ), 356 Middle Asia (0.0087 g $ -1 ) and the Middle East (0.0059 g $ -1 ), which implies higher 357 emission intensity of imports from East Asia ( Figure S5 
